Background and Purpose-Receptors for calcitonin gene-related peptide (CGRP) are composed of the calcitonin-like receptor in association with receptor activity-modifying protein-1 (RAMP1). CGRP is an extremely potent vasodilator and may protect against vascular disease through other mechanisms. Methods-We tested the hypothesis that overexpression of RAMP1 enhances vascular effects of CGRP using transgenic mice with ubiquitous expression of human RAMP1. Because angiotensin II (Ang II) is a key mediator of vascular disease, we also tested the hypothesis that RAMP1 protects against Ang II-induced vascular dysfunction. 
C alcitonin gene-related peptide (CGRP) is one of the most potent vasodilators known. 1 Effects of CGRP are particularly prominent in the cerebral circulation, where the peptide regulates vascular tone and other aspects of vascular function. [2] [3] [4] [5] [6] For example, CGRP mediates vasodilation after activation of trigeminal sensory fibers and inhibits vasospasm after subarachnoid hemorrhage. 5, 7 Thus, modifying CGRPmediated signaling may be an important therapeutic target to affect cerebral blood flow and for treatment of vascular disease.
Receptors for CGRP consist of the calcitonin-like receptor (CLR) associated with receptor activity-modifying protein-1 (RAMP1). 8 Of the known RAMP proteins, RAMP1 confers ligand specificity for CGRP, whereas association of CLR with RAMP2 or RAMP3 results in a receptor with high affinity for adrenomedullin. 8 Relaxation of the aorta to CGRP is dependent on expression of RAMP1, and responses to CGRP are augmented after increased expression of RAMP1 in vascular muscle in culture. 9, 10 However, it is unknown if effects of CGRP are RAMP1-limited in intact blood vessels. We tested the hypothesis that overexpression of RAMP1 enhances cerebrovascular effects of CGRP. To achieve this goal, we studied mice expressing human RAMP1 (hRAMP1) in all tissues, including blood vessels. 11 Angiotensin II (Ang II) is a key effector of the renin-angiotensin system and is thought to underlie many of the vascular changes that occur during aging and diseases states including hypertension and atherosclerosis. 12, 13 One of the major detrimental effects of Ang II is to promote oxidative stress. 14, 15 In this regard, members of the calcitonin/CGRP peptide family (CGRP, adrenomedullin, and intermedin) exert antioxidant effects on vascular cells in culture. 16 -18 In a model of chronic hypertension, pressor effects of Ang II are greatly attenuated in hRAMP1 transgenic mice 11 through mechanisms that may include vascular changes. We hypothesized that overexpression of RAMP1 protects against vascular dysfunction produced by Ang II. To address this question, we examined direct effects on Ang II on the vessel wall using a model of Ang II-induced oxidative stress and vascular dysfunction. 14 
Materials and Methods
All protocols and procedures conform to the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of the University of Iowa.
Generation of hRAMP1 Transgenic Mice
The source and strategy for generating ubiquitous hRAMP1 transgenic mice using conditional activation by the lox P-cre system has been described. 11 Briefly, the hRAMP1 cDNA was inserted downstream of green fluorescent protein (GFP) and a polyadenylation site flanked by lox P sites under control of the CX1 promoter (a hybrid of ␤-actin and cytomegalovirus sequences). As a consequence, GFP (but not hRAMP1) was ubiquitously expressed in all tissues until removal of the GFP stop sequences by cre recombinase under control of the adenoviral Ella promoter in double-transgenic mice. Transgenic mice were identified using the primers listed in the Supplemental Table (available online at http://stroke.ahajournals.org). All polymerase chain reaction products were confirmed by sequencing.
Measurement of RAMP1 Expression Levels
To evaluate expression of hRAMP1, total RNA was isolated from tissues from double-transgenic mice and control littermates using the Trizol method, followed by DNAse I (Invitrogen) to remove DNA contamination. RNA integrity was checked by gel electrophoresis. Total RNA (1.5-2 g) was reverse-transcribed using random hexamers and a Taqman reverse-transcription polymerase chain reaction mix. 19 Primers are listed in the Supplemental Table. As controls, GAPDH and ␤-actin were detected in all tissues and hRAMP1 was not detected from the double-transgenic mice when amplified in the absence of reverse transcriptase.
Real-time polymerase chain reaction was performed as described. 11, 19 Reactions were performed in duplicate and analyzed using a Bio-Rad (Hercules) MY-IQ thermocycler. Samples that did not yield a homogenous melt curve were excluded. The ␤-actin, mRAMP1, and hRAMP1 cycle threshold (Ct) values were converted to absolute copy numbers using standard curves generated with 1:10 serial dilutions of pGEM-Qbeta-actin, pGEM-QmRAMP1, and pbsCX1-LEL-hRAMP1 plasmids in 10 ng/mL yeast tRNA.
Studies of Carotid and Cerebral Arteries In Vitro
Briefly, mice were euthanized with pentobarbital (Ϸ150 mg/kg, intraperitoneally), followed by removal of brain and both carotid arteries. Methods to measure responses of carotid arteries in mice have been described in detail. 14 Relaxation responses were measured after submaximal precontraction (Ϸ50%-60% of maximum) using U46619. In some experiments, the effect of CGRP 8 -37 (10 Ϫ6 mol/L, a CGRP receptor antagonist) were tested.
To test whether overexpression of RAMP1 protects against vascular dysfunction in response to Ang II, segments of arteries were placed in cell culture dishes as described. 14 Vessels were then incubated with either vehicle (double-distilled H 2 O) or Ang II (10 nmol/L, a concentration known to increase superoxide and produce endothelial dysfunction in this model) for 22 hours at 37°C. 14 After incubation, vascular rings were connected to force transducers and changes in isometric tension were measured as described. Basilar arteries were isolated, cannulated, and pressurized to 60 mm Hg so lumen diameter could be measured as described. 12 After an equilibration period of at least 30 minutes, we examined changes in diameter of the artery in response to KCl (50 mmol/L). To examine dilator responses, arteries were constricted submaximally (Ϸ40% of the response to KCl) with U46619.
Studies of Cerebral Arterioles In Vivo
Mice were anesthetized with pentobarbital sodium (75-90 mg/kg intraperitoneally), supplemented at Ϸ20 mg/kg per hour. Animals were ventilated mechanically and a cranial window was prepared, and arterial blood pressure and blood gases were monitored as described. 20 Arteriolar diameter was measured under control conditions and during topical application of drugs. Mean arterial pressure and arterial blood gases were similar in both groups and similar to those of previous studies (data not shown). 20 
Statistical Analysis
All data are expressed as meanϮSE. Responses to KCl in the basilar artery and responses of cerebral arterioles in vivo were calculated as percent change in vessel diameter from the baseline control level. For vasodilator responses, results are expressed as percent dilation (% of induced tone), with 100% representing the difference between the resting value under basal conditions and the constricted value with U-46619. Data were evaluated using analysis of variance followed by Student-Neumann Kuells post hoc test, or Student unpaired t test, as appropriate. Statistical significance was accepted at PϽ0.05.
Results

Measurement of hRAMP1 and Total RAMP1 Levels in Transgenic Mice
GFP-hRAMP1 mice were bred with EIIa-cre mice to obtain double-transgenic mice expressing the hRAMP1 gene ( Figure  1A ). Approximately 25% of the progeny were doubletransgenic offspring with an approximately equal gender distribution. Double-transgenic mice appeared to develop normally and were fertile. The Ella promoter had widespread activity. Visually using fluorescent microscopy, the GFP signal was qualitatively reduced to background levels in all tissues examined from double-transgenic EIIa/hRAMP1 mice ( Figure 1A ). Ubiquitous expression of hRAMP1 was detected by reverse-transcriptase polymerase chain reaction amplification of RNA from tissue from double-transgenic mice (including arteries), but not from control GFP-hRAMP1 and Ella-cre mice. The levels of hRAMP1 and endogenous mouse RAMP1 RNAs were determined by quantitative polymerase chain reaction using hRAMP1 and mouse RAMP1-specific primers ( Figure 1B ). Endogenous mouse RAMP1 was detected in all tissues and the levels were similar between double-transgenic mice and their littermates, suggesting that transgene expression did not affect expression of the endogenous RAMP1 gene. In double-transgenic mice, the total RAMP1 RNA levels (combined hRAMP1 and mouse RAMP1) in the vasculature were 4-to 8-fold greater than in controls ( Figure 1C ).
Responses in Carotid Arteries
Maximal relaxation of carotid arteries to CGRP was approximately doubled in mice expressing hRAMP1 compared to controls (Figure 2A ). Responses to adrenomedullin, acetylcholine (an endothelium-dependent agonist), and U46619 were similar in both groups ( Figure 2B-2D) , suggesting that effects of expression of hRAMP1 were relatively selective. This increase in vasodilation to CGRP in hRAMP1 transgenic mice was inhibited by CGRP (8 -37) ( 
Expression of hRAMP1 Augments Responses of the Cerebral Circulation to CGRP
Baseline diameters of the basilar artery in control and hRAMP1 transgenic mice were similar (142Ϯ5 m [nϭ10] and 133Ϯ5 m [nϭ10], respectively; PϾ0.05). Vasodilation to CGRP was augmented in mice expressing hRAMP1 compared to controls ( Figure 3A ). In contrast, there was no effect of hRAMP1 expression on responses to acetylcholine ( Figure 3B ), nitroprusside ( Figure 3C) , papaverine, or KCl (data not shown).
In vivo, baseline diameters of cerebral arterioles in control and hRAMP1 transgenic mice were similar (Ϸ30 m; PϾ0.05). Vasodilation to CGRP was increased Ϸ2-fold in mice expressing hRAMP1 compared to controls ( Figure 4A ). In contrast, there was no effect of hRAMP1 expression on responses to acetylcholine or papaverine ( Figure 4B, 4C) .
Expression of hRAMP1 Protects Against Ang II-Induced Vascular Dysfunction
Similar to previous studies, 14 Ang II produced marked impairment of acetylcholine-induced relaxation in carotid arteries from control mice ( Figure 5A ). This effect of Ang II was mediated by superoxide because it was prevented in vessels treated with Tempol (a scavenger of superoxide; Figure 5A ). Expression of hRAMP1 prevented Ang II-induced endothelial dysfunction ( Figure 5B ). Ang II had no effect on responses to nitroprusside or U46619 (PϾ0.05; data not shown) in either group of mice.
Discussion
This study had several major new findings. First, increasing expression of RAMP1 augments vasodilator responses to CGRP, supporting the new concept that vascular responses to CGRP are normally RAMP1-limited. In mice with ubiquitous expression of hRAMP1, we found that dilation to CGRP was enhanced in resistance vessels supplying the brain (basilar artery and cerebral arterioles), as well as in a large muscular artery (carotid artery). This effect was evident in vivo in microvessels with myogenic tone. RAMP1 confers specificity Figure 1 . EIIa/human receptor activity-modifying protein-1 (hRAMP1) transgenic mice. A, Strategy for producing hRAMP1 transgenic mice. Transgenic mice with the CX1 promoter and GFP-stop-hRAMP1 cassette containing a termination codon (stop) and polyadenylation signal (pA) (GFP-hRAMP1) were mated with transgenic mice with EIIa promoter driving cre recombinase (EIIa-cre). Doubletransgenic offspring (EIIa/hRAMP1) have cre-mediated excision of the GFP-stop sequence at the flanking loxP sites with hRAMP1 transgene expression from the CX1 promoter. Loss of GFP is shown by comparison brightfield and fluorescent images of postmortem aorta from each genotype. B, Quantitative polymerase chain reaction measurement of RAMP1 levels in EIIa/hRAMP1 (hR) mice and control (C) littermates. The levels of hRAMP1 (h), mRAMP1 (m), and ␤-actin RNA were determined by real-time polymerase chain reaction from aorta (Ao), carotid artery (Ca), brain (Br), heart (H), liver (Li), lung (Lu), and kidney (K). The copy numbers were calculated from standard curves and normalized to 50 000 copies of ␤-actin mRNA. Data are the mean from 3 mice in each group, with the SE from 3 independent experiments. C, Fold increase in total RAMP1 RNA levels in EIIa/hRAMP1 mice relative to control mice calculated from panel B.
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of CLR for CGRP, whereas RAMP2 and RAMP3 confer specificity of CLR for adrenomedullin. 1, 8 The finding that responses to CGRP, and not adrenomedullin, were enhanced indicates the selectivity and usefulness of this model for the study of CGRP and RAMP1 in vascular biology. Second, we obtained the first evidence that Ang II-induced oxidative stress and endothelial dysfunction is prevented after expression of hRAMP1. These results support the concept that RAMP1 may be an important mediator of vascular protection and thus a new therapeutic target in vascular disease.
CGRP and Regulation of Vascular Tone
CGRP is known to make important contributions to regulation of vasomotor tone and effects on vascular structure. 1, 4, 5, 21 Local sources of CGRP include plasma, sensory nerves, as well as autocrine or paracrine production within the vessel wall. 1, 4, 22 CGRP is an extremely potent vasodilator in many species, including humans (present study). [1] [2] [3] [4] 23 Functional CGRP receptors consist of CLR associated with RAMP1. 8 Previous studies have shown that increased expression of RAMP1 in vascular muscle in culture increases formation of cAMP in response to CGRP. 10 Deletion of RAMP1 in mice markedly reduced responses of the aorta to CGRP in vitro. 9 Such findings indicate that responses of vascular cells to CGRP are dependent on expression of RAMP1. The findings that vascular responses to CGRP, and not adrenomedullin, were enhanced after overexpression of RAMP1 is consistent with this concept but also provides the first evidence that responses to CGRP in intact vessels and in vivo are RAMP1-limited.
Reponses to CGRP can be mediated by CGRP receptors and also receptors for related peptides, including amylin. 25 CGRP receptors are particularly sensitive to CGRP 8 -37 . 1, 25 Thus, the ability of CGRP 8 -37 to inhibit increases in responses to CGRP in hRAMP1 mice suggests these responses were mediated (at least in part) by CGRP receptors. Interestingly, CGRP 8 -37 has been reported to have little effect on CGRP-induced relaxation in normal mouse aorta. 24 Thus, the presence of residual effects of CGRP in arteries from transgenic mice treated with CGRP 8 -37 may indicate that responses in this model are mediated by both CGRP and other related receptors. 25 Our finding that increasing expression of RAMP1 augments vasodilator responses to CGRP are complementary to studies in which overexpression of RAMP2 increased vascular responses to adrenomedullin but not CGRP. 26 Together, this work supports the concept that vascular responses to members of the calcitonin/CGRP peptide family are normally limited by the expression of the appropriate RAMP protein. 
Role of CGRP in Vascular Disease
CGRP plays an important role in regulation of vascular tone and other vascular end points. 1,4 -7,21 Blood vessels of the intracranial circulation are innervated by CGRP-containing sensory fibers from the trigeminal ganglion. 3,4,27 CGRP mediates cerebral vasodilation in response to a variety of stimuli including hypotension, cortical spreading depression, and inflammation. 5, 6, 27, 28 CGRP inhibits vasoconstrictor responses, including vasospasm after experimental subarachnoid hemorrhage. 7 In addition, CGRP is thought to play a major role in the pathogenesis of migraine via effects on blood vessels, neurons, and mast cells. 27 CGRP receptor antagonists have emerged as useful antimigraine agents. 27 Expression of components of receptors for CGRP, including CLR and RAMP1, in various tissues including the cardiovascular system may change substantially in response to physiological stimuli and disease, including hypertension and preeclampsia. 3,11,29 -32 The level of total RAMP1 expression present in the vasculature of hRAMP1 transgenic mice is well within the range of changes in RAMP1 expression described in models of disease. 29 -32 Our data showing increased vasodilator responses to CGRP after RAMP1 overexpression suggests that specific targeting of RAMP1 and the CGRP receptor complex may be a novel molecular target in the design of approaches to affect vascular resistance and blood flow in disease, including headache, subarachnoid hemorrhage, and other forms of stroke.
Overexpression of RAMP1 Protects Against Ang II-Induced Vascular Dysfunction
Ang II is known to contribute to vascular dysfunction in multiple disease states and aging 12, 13 by producing oxidative stress, endothelial dysfunction, and abnormal vascular growth. 13, 14, 33 Ang II increases formation of reactive oxygen species and causes reactive oxygen species-dependent endothelial dysfunction. 13, 14, 34 Oxidative stress and proliferation of vascular muscle in culture in response to Ang II is inhibited by CGRP and adrenomedullin. 17, 18, 35 Thus, there is evidence suggesting that activation of CGRP receptors may counteract detrimental effects of Ang II. Until this study, the functional importance of RAMP1 during Ang II-induced vascular dysfunction was unknown.
There is substantial evidence that impairment of endothelial function in response to Ang II is mediated by NADPH oxidase-derived superoxide. 34 In the current study, we obtained evidence consistent with this concept in that Ang II-induced vascular dysfunction in control mice was prevented by a scavenger of superoxide. Our finding that increased expression of RAMP1 protects the vasculature is consistent with findings suggesting that members of the calcitonin/CGRP peptide family exert antioxidant effects on vascular cells, including inhibitory effects on NADPH oxidase. 16 -18 Although the current studies do not establish a role for such a mechanism, we speculate that increased expression of RAMP1 may protect against Ang II-induced endothelial dysfunction via inhibitory effects on NADPH oxidase.
Recent work from our group has shown that increases in blood pressure in a model of Ang II-induced hypertension are greatly attenuated in hRAMP1 mice. 11 The basis for this phenotype has not been defined but may involve vascular mechanisms. We hypothesized that expression of hRAMP1 in vessels may protect against vascular dysfunction produced by Ang II. The present results indicate that Ang II produced superoxide-mediated vascular dysfunction in control mice and show for the first time to our knowledge that this effect was prevented in hRAMP1 transgenic mice. Related to these findings, overexpression of RAMP2 in another transgenic mouse protects against vascular inflammation and hypertrophy in a model of Ang II-dependent hypertension. 36 Collectively, these findings support the emerging concept that members of the RAMP protein family may protect the vasculature from Ang II.
Conclusion
CGRP-induced vasodilation is selectively enhanced after overexpression of RAMP1, suggesting that vascular responses to CGRP are normally RAMP1-limited. These data provide insight into a specific molecular target of the CGRP receptor complex that may be useful in the treatment of vascular disease. Our findings suggest a key role for RAMP1 in the vasculature and demonstrate the utility of the hRAMP1 transgenic mouse for studies in vascular biology and cerebral circulation. 
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Primers for genotyping and measurement of RAMP1 mRNA levels hRAMP1/SV40 poly(A) Relaxation of carotid arteries in response to CGRP in control mice, hRAMP1 transgenic mice, and vessels from hRAMP1 transgenic mice treated with the CGRP receptor antagonist, CGRP (1 mol/L)(n=4). * P<0.05 versus hRAMP1 transgenic. All data are meanSE.
